With the broadening adoption of intermittent renewable energy, large scale energy storage is becoming essential. 1 Redox flow batteries are a promising option due to their decoupled energy and power capacity, geographic flexibility, breadth of chemistry options, and ease of scale-up. 1, 2 Despite the first prototypes being proposed by NASA in the 1970's, 3 the technology has yet to reach mass commercialization due to cost ($/kWh and $/kW). Key parameters that define flow battery cost include volumetric energy density, materials, cell voltage, area-specific resistance (ASR), 4, 5 lifetime, and membrane selectivity. Liquid electrolytes are stored in tanks, and pumped to electrochemical cells where the redox reactions occur at the solid-liquid interface of porous electrodes during charging or discharging. To achieve higher reaction rates, and therefore higher efficiency, the electrodes should have good catalytic activity for the reaction. However, since the materials choices are limited by durability, chemical compatibility and cost, the use of simple carbon or graphite electrodes is common. If the kinetics cannot be improved in a cost-effective manner, then an alternative route to improving reaction rates is to increase active surface area. Currently, the most commonly-used material for flow battery electrodes is commercially available carbon-fiber paper developed for use as the gas diffusion layer (GDL) of PEM fuel cells. Attempts to increase performance of these carbon papers include stacking multiple layers, [6] [7] [8] laser etching holes, 9 growing carbon nanotubes on fiber surfaces 10, 11 and thermal activation. 12 These efforts to improve cell performance of flow batteries are driven by increasing the current density of the cell (A/m 2 ). In the case of stacking multiple layers and growing nanotubes of the fiber surfaces, this creates more surface area per unit area of cell. These two methods are not entirely equal however, as the former does not increase the volumetric current density (A/m 3 ) since N layers increases the fiber surface area N times, but also the volume by the same factor N. Using thicker electrodes has limitations since it increases the transport lengths for the ionic species to reach the reactive sites. The case of growing nanotubes on the fiber surface does increase the volumetric current density, but the process is costly and complex. It is also not certain that all of the added surface area will be used since mass * Electrochemical Society Student Member.
* * Electrochemical Society Member. z E-mail: jgostick@uwaterloo.ca transfer limitations may occur within the grown nanofiber array. An alternative approach to increasing the volumetric current density is to make a fibrous electrode with fibers that are smaller than the currently used materials. As a first approximation, the specific surface area, A s , (m 2 /m 3 ) of a fibrous material can be estimated by assuming that all of the solid in the bulk volume is a continuous filament of diameter d f . The length, L, of this filament is based on the solid volume which can be determined from the mass of the electrospun mat, m, and the skeletal density of the solid, ρ s , and the cross-sectional area of the fibers, A C :
The specific surface area of this single fictitious filament is then found from: [2] where V b is the bulk volume of the mat. Eq. 2 can be simplified by inserting Eq. 1 for L and noting that the solid volume V S can be expressed as V b (1 − ): [3] where = Vpore V bulk is the porosity of the mat. This is sometimes referred to as the filament analogue (FA) model, 13 and it provides a useful estimate about the interplay between fiber size and the porosity of the mat. Specifically, smaller fibers and lower porosity lead to more specific surface area since these both result in more fibers per unit volume.
Improving cell performance is not as straightforward as using a tightly packed array of smaller fibers however. The permeability coefficient, K, of the mat must also be considered since it controls how easily liquid reactant flows through the electrode, as governed by Darcy's law:
where Q is the volumetric flow rate of the fluid (m 3 /s), A is the cross sectional area of the fluid flow (m 2 ), μ is the viscosity of the fluid (Pa·s), P is the pressure drop (Pa) across length L (m). Darcy's law shows that for a given pressure, a higher K will result in higher reactant flow rates, and higher interstitial velocity which implies improved mass transfer. For a fibrous material, its permeability coefficient is well correlated by the Carmen-Kozeny equation:
The value k ck is a fitting parameter, which accounts for the material structure that is not indicated in the porosity and fiber diameter, such as fiber morphology and shape. For example, granular porous materials have different k ck from fibrous material, 17 and aligned fibrous material have different k ck value from randomly aligned fibers. 18 Eq. 5 shows that the permeability coefficient decreases sharply with decreasing fiber size and porosity, and suggests that efforts to increase surface area according to Eq. 3 will be at the expense of flow properties of the electrode.
The competition between specific surface area and permeability creates an optimization problem to find the values of porosity and fiber diameter that will result in the best overall cell performance. Recently, Kok et al. 19 used multi-physics modeling to study the effect of various physical properties of fibrous electrodes on transport properties and performance of a flow battery, with the aim of predicting optimal electrode properties. The results showed that a fiber diameter around 1 to 2 μm coupled with a high porosity above 85% yielded the best performance in terms of peak power density. This is much different than the commercially available materials which have fiber diameter around 10 μm and porosity around 80%.
With this information at hand, it was of interest to produce actual materials with these optimized parameters for practical testing. Electrospinning is a useful technique for producing prototype fibrous materials with the desired characteristics. Electrospinning can utilize a wide variety of polymeric materials and easily control the fibrous morphology, therefore creating a wide range of advanced materials for applications such as filtration, sensing, and tissue engineering. 20 However, for use in flow cells, the electrode needs to conduct electrons, provide catalytic activity, and be chemically compatible with the harsh acidic environment. This practically limits the choice to a polymer that can be carbonized. Polyacrylonitrile (PAN) was chosen since it is an excellent carbon fiber precursor 21 due to its high theoretical carbon yield. In addition, electrospinning PAN has been well researched and optimized. 22, 23 The literature in this field is focused on the use of PAN as a carbon fiber precursor. 21, 24 Although the chemical and physical property transition during carbonization is well-known, 25 the effect of carbonization on transport properties of electrospun materials remains undetermined. In addition, the production of carbon fiber via electrospinning favors small fibers, with reported fiber diameters typically less than 300 nm, 26, 27 which is well below the range of optimized fiber diameter. 19 Several review papers [28] [29] [30] [31] have specifically summarized the applications of electrospun carbon fiber mats in various energy storage applications, including super capacitors, fuel cells, and Li-ion batteries, but less attention has been directed toward flow batteries.
Two groups have explored and tested electrospun electrodes in a flow battery, 32, 33 but they focused on the impact of carbonization and surface chemistry on the reaction kinetics of vanadium for all-vanadium cells. To date, no study has been done to optimize cell performance by modifying the material structure to enhance transport properties. These properties must be characterized to understand their effect on the performance of the flow battery. This study offers an extensive characterization of electrospun mats before and after carbonization, by looking at all the key transport properties including material thickness, fiber diameter, porosity, electrical conductivity, and permeability. The performance of these custom-made materials is then evaluated in a flow battery test and compared to off-the-shelf materials.
Experimental Techniques
The electrospun mats were made using a custom-built setup, and then carbonized in an inert-environment furnace to produce a carbonaceous electrode. Various properties were measured before and after carbonization. This section will first describe the material production process, followed by descriptions of the numerous characterization methods applied, ending with the protocols used for in-situ performance testing. A summary of all materials produced is given in Table I .
Material production.-Electrospinning.-Electrospinning was performed with custom-built device consisting of a rotating drum of 4 in. (10 cm) diameter, a syringe pump, a linear motion actuator, and a high-voltage power supply. The linear motion actuator was used to raster the needle back and forth across the drum to increase the coating width and ensure an even deposition of fibers on the drum. A negative-polarity power supply (Glassman, MJ30N0400-11) was used with the negative terminal connected to the collector. All other instruments were grounded to ensure safety. The polarity of the power supply was very important to the fiber sizes and stability of electrospinning. In a previous study, Ali et al. 34 found that fiber diameter was larger when the collector is charged rather than the needle, which is the more typical electrospinning configuration. By charging the collector with a negative voltage, the electrospinning process also remained stable for a longer period of time, which was essential in producing samples with the required thickness.
Polyacrylonitrile (PAN) (Sigma, MW 150,000) was the chosen polymer due to its high carbon yield. The spinning solution was prepared by dissolving PAN in N,N-dimethylformamide (DMF) (Sigma, anhydrous, 99.8%) to a varying composition between 10 and 13 wt%. This range of concentrations was selected because higher solution concentrations are known to increase the fiber diameter. 35 The solution was stirred for 20 h without heating to ensure homogeneity without thermal degradation. All samples were electrospun with a 16-gauge (1.194 mm inner diameter) needle, 15 kV applied voltage, a needle to collector distance of 15 cm, collector rotation speed of 5 m/min (measured with a tachometer), and raster length of 6 in. (15 cm), and raster speed of 5 mm/s. Flow rate was slowly decreased throughout spinning to maintain steady spinning conditions, from 0.8 mL/h to 0.5 mL/h. Each electrospun mat was made by spinning 30 mL of solution.
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Carbonization.-Following electrospinning, the material was cut into pieces 5 cm by 20 cm and carbonized in a tube furnace, between two alumina plates approximately 1/8" (0.3175 cm) thick. These plates were essential for ensuring a flat and compact electrode. The spacing between the plates was controlled using stainless steel spacer shims that were slightly thinner than the mat to prevent excessive compression. Although it was not explored in the present work, altering the spacing could provide a convenient means of changing the final porosity of the material since they are carbonized in a compressed form. The carbonizing of PAN fibers is a well-documented procedure, and typical conditions were used here. 24, 26, 36 The material was first stabilized in air, with a heating rate of 5
• C/min and a plateau at 250
• C for 75 min. Argon was introduced at 25 sccm after the sample has been stabilized for an hour. The temperature was continually increased at a rate of 5
• C/min, plateauing at 850
• C and 1050
• C both for 40 min.
Material characterization.-Fiber diameter determination.-Fiber diameter, d f , was obtained from scanning electron micrograph (SEM) (HITACHI 35000) images. These images were analyzed in ImageJ to estimate fiber diameter. Line segments were drawn across fibers and the length was taken as the width of fibers. SEM images were obtained from 5 different locations on each mat to ensure a representative range of values, and 30 measurements were taken from each image to estimate the average fiber diameter and the standard deviation. This technique is naturally limited to measuring the fiber diameter on the surface, which may differ from the internal fibers. The nature of electrospinning is that the mats are created in an additive manner, so the surfaces represent a snapshot of the entire electrospinning process which could have varied substantially from top to bottom. A preferred approach would be to use X-ray tomography to visualize the interior of the mat. 37 Porosity measurement.-Porosity, ε, of the electrospun PAN mat was calculated by measuring the mass and volume of a sample cut by a hole punch with 3/8 in. diameter. Assuming that the electrospun fibers have the same density as PAN (1.184 g/cm 3 ), the mass of the sample was measured with an analytical balance with 0.0001 g resolution. The ratio of the mass to the PAN density gives the solid volume of the sample. Thickness is a delicate property to measure for highly porous and compressible electrospun mats. Thickness was measured with a force sensitive micrometer, as described by Kok et al. 18 The sample was compressed until a 20 mN force had been applied, which was taken to be the top surface boundary of the electrospun mat. With the known diameter and thickness, the total volume can be calculated. Taking the difference between the total and solid volumes gives the pore volume, which yields the porosity of the electrospun mat.
The porosity of the carbonized electrode could not be obtained with the above method since the density of the carbonaceous material was not known. It was instead obtained using a buoyancy method shown to work well for measuring the porosity of thin fibrous media. 38 Thickness of the carbonized electrode, which was notably stiffer than the PAN mat, was measured with a micrometer equipped with a thumb clutch, with 1 μm resolution and ±0.1 μm accuracy. The sample was then weighed both dry and submerged in a wetting fluid such as silicone oil. Applying Archimedes principle allowed the determination of the solid or skeletal density, which can be used directly to find the solid volume fraction and porosity.
Pore size distribution.-The pore size distribution of the mats was measured using a custom-built porosimeter. The experimental system was a modified version of the setup developed previously for measuring air-water capillary pressure of GDLs. 39, 40 A detailed schematic of the specially designed sample holder can be found in the previous works. In the current setup, instead of forcing water in and out of the sample, the sample was initially saturated with a highly wetting fluid under vacuum, then air was injected into the sample to displace the wetting fluid. This approach yielded a capillary pressure curve that is analogous to the more typically used mercury intrusion porosimetry, 41 but with far lower applied pressures due to the lower surface tension of the gas-liquid system. The fluid used was a 5 cSt silicone oil (Clearco) with a surface tension of 19.7 mN/m, compared to 485 mN/m for mercury. The saturated sample was then placed in the sample holder and the wetting fluid is displaced from the sample by applying gas pressure above the sample. The mass of the displaced fluid is measured, which corresponds to the volume of the pores. Capillary pressure, P c , is the difference between the pressure of the applied gas and the pressure of the liquid, which is kept constant at ambient pressure. The applied gas pressure was increased in stages. The pressure at each stage was held constant until the mass of fluid drained from the sample was stable, which was then recorded.
Capillary pressure curves were produced, from which pore size distributions can be roughly approximated using the Washburn equation:
cos (θ) r [6] where P c is the capillary pressure, γ is the surface tension of wetting fluid, θ is the contact angle and r is the radius of the pore throat accessible at P c .
Surface Area.-Specific surface area was measured using gas sorption analysis (Micromeritics TriStar 3000) using nitrogen gas at 77 K. Only carbonized samples were tested for surface area since the degassing procedure involved heating to 120
• C, which would have damaged the PAN samples. The samples were cut into small square pieces, 0.5 cm wide to fit into the testing tubes, and a total sample mass of about 0.05 g was tested to ensure a detectable amount of surface area. Surface area was extracted from the isotherms using the standard Brunauer-Emmett-Teller (BET) theory.
Permeability.-In-plane permeability, K, of the electrospun and carbonized materials was measured using a device and techniques developed previously 16 and adapted for electrospun material. 18 Compressed air was supplied at the inlet by a mass flow controller (MKS 1160b series) with a range of 200 sccm. Since the flowing fluid was compressible (i.e. air), the following version of Darcy's Law was used:
where P in is the inlet pressure, P out is the outlet pressure, L the length of the sample, R the universal gas constant, T the temperature, MW air the molecular weight of air and m the mass flux through the sample. The flow rate did not exceed 100 sccm which was sufficiently low that no Forchheimer effect was observed. 16 The inlet pressure was measured by a pressure sensor (Omega PX409, 0-30 psia range), and the outlet pressure was open to atmosphere which was taken from the inlet pressure sensor prior to flowing air and confirmed by comparing to a barometer. A sample of 0.5 × 2 was cut and placed in the sample holder. Permeability was measured at varying degrees of compression which was controlled by placing shims of known thickness between the plates prior to tightening them together. The thickness of the shims was known to 1 um.
Electrical conductivity.-In-plane conductivity was measured using the Van der Pauw method 42 using the custom-made sample holder shown in Figure 1 . A sample with diameter of 0.5 was placed on top of the base, with its periphery touching the copper rods that acted as the four conductive contact points. The copper rods were connected to 4 set-screws which allowed easy connections to the electrical testing equipment. A power supply was used to supply a current at one edge, for example between point 1 and 2, and a voltmeter was connected at 3 and 4 to measure the voltage drop. Resistivity was calculated with the following relationship: [8] where R 12,34 is the resistivity, V 34 the voltage drop measured at points 3 and 4, I 12 the applied current at points 1 and 2. The measurement was repeated for the other direction. 
where R 12, 34 and R 34, 12 are resistivity measured with two different configurations. The bulk conductivity, σ bulk , can then be found using:
where t is the average thickness of the sample.
Flow battery validation.-Characterizing the materials was important to understand the structural and transport properties of the produced materials, but testing in a flow battery was also performed to evaluate the material's viability. The custom-made electrospun electrodes were compared to off-the-shelf material, Sigracet SGL 25AA, as a performance baseline.
Electrolytes.-Vanadyl sulfate hydrate (Alfa Aesar, 99.9% metals basis) and sulfuric acid (Sigma Aldrich, 95.0-98.0%) were purchased and used without further purification. The water content of the vanadyl sulfate hydrate was determined via thermogravimetric analysis (TA instruments SDT Q600). Specifically, approximately 15 mg of powder was added to an alumina pan and set to heat at 10
• C/min. to 105
• C under nitrogen gas and then held under isothermal conditions for 2 h. The mass lost by the sample, typically ca. 5 wt%, was taken to be the water content and was accounted for in subsequent solution preparation. Stock solutions of electrolytes were prepared using volumetric flasks at room temperature.
Flow cell assembly.-This study used a 2.55 cm 2 flow cell which has been previously reported. [43] [44] [45] Backing plates were machined from propylene. Inter-digitated flow fields were machined from 3.18 mm thick impregnated graphite (G347B graphite, MWI, Inc.) with 7 channels (1 mm wide × 0.5 mm deep), 4 inlets and 3 outlets. Either a carbonized electrospun electrode (EE) or pristine Sigracet SGL 25AA electrodes were used in the flow cell. To facilitate comparisons, 2 layers of 25AA were used to maintain a comparable electrode thickness (ca. 400 μm) to the electrospun mat. Each electrode was cut to 1.4 cm × 1.6 cm to allow for sealing within the open gasket area (1.5 cm × 1.7 cm). The PTFE gaskets were selected to be 75-80% of the uncompressed electrode thickness such that when assembled operation, electrode compression was 20-25%. Nafion NR-212 (Nafion Store, Ion Power) was used as a membrane and was soaked in 2.6 M H 2 SO 4 overnight prior to use. Electrolyte reservoirs were glass scintillation vials with a rubber septa lid. The septa allowed for inlet and outlet electrolyte tubes as well as a 1/16 PTFE tube for continuous nitrogen flow and a 21 ga. needle for nitrogen venting. Nitrogen flow was necessary to prevent capacity fade in the presence of oxygen. A peristaltic pump (MasterFlex) with an Easy-Load II pump drive (Cole-Parmer) was used to control electrolyte flowrate through the system. Masterflex Norprene tubing L/S 14 (ID 1.6 mm, OD 4.8 mm, Cole-Parmer) was used to connect the reservoirs, pump head, and flow cell via barbed fittings. Flow cell testing.-Electrochemical experiments were performed at room temperature using an Arbin Battery Tester (FBTS, Arbin Instruments) for electrolytic preparation, cell cycling, and polarization analyzes and a Bio-Logic VMP-3 for electrochemical impedance spectroscopy (EIS). For all experiments, electrolyte flowrate was fixed at 10 mL/min which was equivalent to a superficial velocity of 0.065 cm/s. 9 This flow rate ensured that at the highest current drawn in these experiments that about 1% of the active species was consumed in the electrode. Nitrogen gas (Airgas, 99.999%) was continuously bubbled through both reservoirs to remove oxygen. The V 2+ /V 3+ electrolyte was prepared via electrolysis in a flow cell assembly as reported in previous literature. 6 Specifically, the cell was initially set up with 20 mL of a 50/50 mixture of 1.5 M VOSO 4 and 2.6 M H 2 SO 4 on the positive side and 10 mL of the same electrolyte mixture on the negative side. The cell was charged via a potentiostatic hold at a cell voltage of 1.7 V until the current density decayed to less than 4 mA/cm 2 . This step reduced the V 4+ to V 2+ on the negative side and oxidized the V 4+ to V 5+ on the positive side. After the charge process, 10 mL of the V 4+ /V 5+ electrolyte was removed from its reservoir to balance the electrolyte capacity. After the initial electrolyte charging, the cell was then discharged at 100 mA/cm 2 to 0.6 V and recharged, at the same current density, for half of the previous discharge time to reach 50% state-of-charge (SOC). Prior to polarization or further cycling, flow cell impedance was measured at open circuit potential over a frequency range of 200 kHz to 10 mHz with a potential amplitude of 10 mV and 5 measurements per frequency. To determine cell power performance, Galvanostatic polarization was performed with a 30 s hold per step, which allowed the cell to reach a steady state potential. Galvanostatic polarization was performed to determine cell power performance. Between each discharge step, the cell was recharged at 25 mA/cm 2 back to 50% SOC to maintain polarization accuracy. Immediately after polarization analysis, cell cycling experiments were performed at a constant current density of 100 mA/cm 2 for 40 cycles (experiment runtime of 2 d). For both polarization and cycling, potential limitations of 0.6 -1.7 V were imposed.
Results and Analysis
Impact of PAN concentration and carbonization.-The main objective of this work was to produce fibrous electrodes with enhanced surface area by electrospinning mats with fibers much smaller than typical GDL materials, while avoid making fibers that were too small, which would result in low permeability. Computational modeling work had previously been undertaken to help determine a target fiber diameter 19 which suggested values around 1-2 μm. This is about 10× lower than conventional GDL materials but about 10× higher than typical electrospun materials. 16, 22 One of the first challenges to address was how to electrospin fibers in this intermediate size range.
Polymer concentration plays a major role in the fiber diameter of electrospun mats, 35 with higher concentrations leading to thicker fibers. In order to produce the thickest possible fibers, the polymer concentration was increased to the highest values that could be spun without difficulty. Concentrations between 10 and 13 wt% were considered and basic analysis on both as-spun and carbonized mats were performed. SEM images of the electrospun mat before and after carbonization for the varying polymer concentration can be seen in Figure 2 .
Fiber diameter was measured for electrospun and carbonized mats and the results are shown in Figure 3 (left). As expected, fiber diameter, d f , increases with higher polymer concentration. The d f ranges from an average of 0.7 μm with 10 wt% to 1.4 μm with 13 wt%. During the carbonization step, the linear chains of PAN aromatize and form rings. 36 As material is lost in the carbonization process, the size of the electrospun mat decreases as shown in Figure 4 . The weight of a mat typically decreases by about 50% after carbonization, and the thickness shrinks by about 20% to 30%. Because of this mass loss, the fiber diameter is expected to decrease after carbonization and this was observed in the SEM image analysis. For carbonized mats, d f ranges from an average of 500 nm with 10 wt% to 1200 nm with 13 wt%. A calculation of fiber volumes (assumed as cylinders) per unit length based on these diameters suggests that indeed the values before and after correspond to approximately 50% reduction in solid volume. The skeletal density of the carbonized materials is ±1.73 g/cm 3 on average, ranges from 1.55 to 2.14 g/ cm 3 . This relatively wide range suggests that the degree of carbonization might have been inconsistent, and that higher furnace temperatures and/or longer treatment times might be worth further investigation in future work.
One of the ways to increase the permeability of a material with small fibers is to increase the porosity, as described by Eq. 5. Electrospinning is known to create very high porosity materials, with values typically above 90% which was part of its appeal for this investigation. The measured porosity of the present electrospun mats ranged from 96.6% to 92% from 10 wt% to 13% Figure 3 (right). The porosity decreases slightly with increasing polymer concentration, possibly because heavier fibers settle into a tighter mat during electrospinning. Upon carbonization, the porosity decreased by about 5% in absolute terms. This drop could be largely attributed to the fact that the mats are constrained between two alumina plates when placed into the furnace which means they are held in a compressed state during carbonization. The porosity of the carbonized mats was still quite high, well within the ranges suggested by the previous modeling 19 and much higher than typical GDL materials. 38 Overall the 12 wt% was deemed as the most suitable for the production of electrospun electrodes, and this material is studied in more detail below and is referred to as EE-12. Polymer concentration higher than 12 wt% produced spinning solution that was too viscous, making the electrospinning process unstable and leading to the formation of large fiber bundles in the finished product. When carbonized the 12 wt% mats have an average fiber diameter of 765 nm with 89% porosity, which is close to the target values.
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Detailed characterization of target material.-In the previous section, it was demonstrated that the optimal PAN concentration was 12 wt%, as this created reasonably large fibers with high porosity, while still being manageable for production. In this section, this specific material is analyzed in greater detail to characterize all the relevant physical, structural, and transport properties. Additionally, the characterization tests were applied to the material before and after carbonization to evaluate the impact of the carbonization process on Specific surface area.-Surface area was measured using the BET method. Two samples of EE-12 were tested and the average surface area of the electrospun electrode was found to be 2.94 m 2 /g. When adjusted by the bulk density of these materials, the average specific area is 505000 m 2 /m 3 . The theoretical specific surface area, derived from the filament analogue (FA) model using the porosity and fiber diameter were calculated and compared in Table II . The match between the BET measurement and the filament analogues is quite good, with only 10 to 20% error. This is a useful result as it means the filament analogue model is suitable as a first-order approximation of surface area, in numerical models of cell operation for instance.
The measured surface area for SGL 25AA and Toray 90, two typical electrode materials, were found to be 1.29 m 2 /g and 0.217 m 2 /g. The specific surface area for the EE-12 material was indeed higher than the typical electrode materials, meaning that the electrospinning approach successfully increased the surface area. Although the filament analogue model predicts the surface area of the Toray 090 material well, it fails to predict the surface area of SGL 25AA, giving a value 3 times lower than the measured value. When looking at SEM images of Toray 090 and SGL 25AA, a significant amount of particulate material can be seen coating the fibers of the SGL material. This particulate is known as binder, which is a polymer added to the precursor fiber structures prior to carbonization. The binder seems to increase the measured surface area substantially, which is not accounted for by the simple filament analogue model. Accurately gauging the surface area present inside the porous binder regions is quite difficult however. In terms of flow battery performance, it is of strong interest to know how much the internal surfaces in the binder region contribute to the electrochemical reaction, or whether these surfaces are starved of reactant since convective flow does not replenish them, but this is beyond the scope of the present work.
Electrical conductivity.-The electrical conductivity in the inplane direction of the EE-12 material was found to be 1280 (±176) S/m. Using the same set up, the conductivity of SGL 25AA and Toray 90 was 3814 S/m and 16867 S/m, respectively. These two values agree with values reported in the literature, which proves the validity of the conductivity test. 46, 47 The conductivity of EE-12 was lower than the commonly used GDLs, but still within the same order of magnitude and well above the conductivity of the electrolyte solutions, thus the resistance to electron transport will be an insignificant portion of the total ohmic polarization. Specifically, the conductivity of the redox active electrolyte used in this study (1.5 M VOSO 4 in 2.6 M H 2 SO 4 ) is 44 S/m. The lower conductivity of the EE-12 material is also expected based on the higher porosity, and hence lower solid volume fraction present to carry electric charge. Increasing the final carbonization temperature is known to increase the conductivity of carbonized PAN, 48 so this could be explored if higher values are sought. The relatively good electrical conductivity suggests that the carbonization protocol was sufficient to produce fully carbonized materials.
Pore size distributions.-Porosimetry was applied to the EE-12 materials, yielding the results shown in Figure 5 . Capillary curves and pore size distribution were obtained for multiple samples from the same sheet of electrospun mat, but carbonized in different batches. These samples showed some variation. Additional samples with varying polymer concentration and therefore fiber diameter were also tested, but the results were similar to those already shown, so they are not included. Pore sizes did not vary depending on fiber diameter, and the average pore radius varied from 1.5 to 3 microns for all samples. For comparison the pore sizes in SGL 25AA and Toray 090 are typically greater than 30 microns. 49 Permeability coefficient.-In-plane permeability as a function of compression was measured before and after carbonization. As expected, permeability decreased with increasing compression, since porosity and open space for flow is reduced. This trend was observed for both electrospun and carbonized materials as seen in Figure 6 . Samples were taken at 2 perpendicular directions on the mat to determine the extent of anisotropy in the material. The material produced was slightly anisotropic, which may be attributed the direction of the rotating drum. For the purpose of this analysis, we have assumed that the material is isotropic, and the slight variation in the measurement is due to the variation in samples.
At first glance, the permeability, K, behaves very similarly before and after carbonization. For example, at about 80% compressed porosity, both electrospun and carbonized mat have a permeability constant of around K = 2 × 10 −13 m 2 . Despite the changes to porosity and fiber diameter that have occurred during carbonization, the permeability of the material did not change significantly. This is surprising since the Carmen-Kozeny relationship given in Eq. 5 shows that the permeability should change with fiber diameter, porosity and k ck . This suggests the morphology of the fibers and their structure changed during carbonization, which would be accounted for a by a change in the Carman-Kozeny constant, k ck .
Given the measured porosity and fiber diameter of the electrospun and carbonized mats, values of k ck were calculated for each permeability datum. As seen in Figure 6 the k ck was not constant with compression, which was seen previously 18 for electrospun mats. The change in k ck was attributed to non-uniform distribution of strain within the sample during compression, resulting in a high porosity (high permeability) region in the center of the sample and a lower porosity (low permeability) region near the surfaces where the sample holder was contacting the sample. This behavior of changing k ck was observed to be true also for the carbonized EE-12. Another reason that could explain this decrease in k ck with compression is a change in the structure or morphology due to fiber deformation or breakage. As seen in Figure 7 , SEM images are taken of the electrode material before and after compression in the permeability holder. For an uncarbonized material, fibers appeared to be deformed after compression. This means that more fibers are in contact with each other, closing off pores, and some have changed from cylinders to a flattened ribbon. For the carbonized EE-12 material many fibers appear broken, which might cause permeability to increase due to more pathways for flow through the structure.
A representative value of k ck can be obtained by extrapolating back to the uncompressed porosity of the material. 18 Following this procedure, the average projected k ck of the electrospun mat was around 10, and that of carbonized mats was around 6. This decrease in k ck indicates the change in structure during the carbonization step. A lower k ck indicates a more permeable structure, which explains how the fiber diameter and porosity decreased in the EE-12 with little effect on the overall permeability. The k ck values measured here are higher than the previously reported value of 2, 18 as well as the values of 4.5 reported by Tomadakis and Robertson. 15 The higher k ck found in this work may be due to the increase in fiber diameter from around 300 nm to around 1100 nm causing some effect that is not captured in the Carman-Kozeny model. Another possible reason is erroneous fiber diameter measurement, which was obtained by analyzing SEM images of fibers on the surface, which may differ from the internal fibers.
Vanadium flow battery performance.-All-vanadium flow cell performance is shown in Figure 8 using pristine samples of EE-12 and Sigracet SGL 25AA. We opted to use pristine carbon samples here to examine the performance without any additional treatment. Investigation an optimal treatment strategy for the EE materials is ongoing, so in the present study untreated samples were used to ensure a more fare and direct comparison. Figure 8a shows the Nyquist plot, generated from electrochemical impedance spectroscopy of full cells at 50% SOC and open circuit voltage (OCV), containing either EE-12 or SGL 25AA electrodes. The observed spectra shows two arcs, in agreement with prior reports, 50 which have been attributed to charge-transfer resistance of the redox reactions on the electrode surfaces (higher frequency arc) and mass transfer resistance in the porous electrodes (lower frequency arc). While both cells provide similar characteristic responses, the overall resistance (low frequency) of the cell containing EE-12 is three-fold less than the cell containing SGL 25AA. While the electrical resistivity of the SGL 25AA is significantly lower than the EE-12 (12.9 S/cm, Table I vs. 3.5 -4 S/cm for 29AA, which is replacement product for SGL 25AA with similar properties but less manufacturing variability), the ohmic resistances, represented by the high frequency intercepts on the Nyquist plots, are nearly identical. This indicates that solid phase electrode resistivity is only a minor contributor to cell ohmic resistance. In contrast to the SGL 25AA spectra, the low frequency intercept in the spectra of the EE-12 closely matches the cell ASR calculated by applying Ohm's law to the polarization data below 100 mA/cm 2 ( Figure 8b ). This difference illustrates the poor vanadium charge transfer resistance, which has coupled contributions from active area and surface-specific kinetics, as pristine SGL 25AA requires a greater potential bias to drive the faradaic reactions. In contrast, the vanadium redox charge transfer resistance on EE-12 is sufficiently small as to be described at open circuit conditions. Poor vanadium redox kinetics on carbon electrodes are well-known in the literature [51] [52] [53] and have motivated research into pretreatments (e.g., thermal oxidation, acid soak) that can improve the kinetic response through increased surface area or modifying surface chemistry. The reduced charge-transfer resistance of the EE-12, illustrated by the impedance spectra and polarization curve, suggests that the additional surface area in the EE-12 material was beneficial and indicates that such pretreatments may not be necessary for this electrode. This does not preclude the possibility that pretreatments could improve the performance even further. We also note that mass transfer resistance is reduced with the use of EE-12 as compared to SGL 25AA which we attribute to smaller pore sizes that reduce the diffusion length scale. Figure 8b shows polarization and power density curves, at 50% SOC, where, in agreement with the open circuit impedance data, the cell with EE-12 outperforms the cell with SGL 25AA electrodes largely due to reduced charge transfer resistance. The peak power density for EE-12, 285 mW/cm 2 at 275 mA/cm 2 , and for SGL 25AA, 250 mW/cm 2 at 325 mA/cm 2 , both of which are below state-of-theart values but within the range of previously reported values. 6, 9, 54 Surprisingly, at high current densities, greater mass transfer limitations are observed with the EE-12 as compared to the SGL 25AA; in contrast to our expectations for this high-surface area electrode as well as the common interpretation of the low-frequency arc on the Nyquist plot (Figure 8a ). There are several possible causes for this result. It could arise from heterogeneity of the EE-12 material structure leading to higher flow rates in some locations and by-passing elsewhere. Such by-passing, or channeling, of the flow would also occur if the material were not uniformly compressed, since the permeability is a strong function of compressed porosity as shown in Figure 6 . At low current densities (Figure 8b ), only partial electrode utilization occurs whether the entire electrode is accessible via advection. However, at high current densities, where a large fraction of the electrode is utilized, this phenomenon becomes apparent and thus mass transfer limitations are observed.
The cell capacity and efficiency are plotted for 40 cycles at a current density of 100 mA/cm 2 in Figure 8c and Figure 8d , respectively. The EE-12 accessed substantially more capacity than SGL 25AA; initially 8 Ah/L vs 6 Ah/L, and this spread increased with cycling to 6.5 Ah/L vs 4 Ah/L. While both cells exhibited similar current efficiencies > 98%, the EE-12 has a higher voltage efficiency due to the reduced kinetic and mass transfer resistances. This observation suggests that even with partial utilization, the EE-12 can outperform pristine SGL 25AA and access a larger fraction of the theoretical capacity (20.1 Ah/L based on 1.5 M vanadium in two 10 mL reservoirs) than SGL 25AA. Electrode engineering to improve the homogeneity of the electrospun materials can further enhance this performance, particularly at high current densities and extreme states of charge. Furthermore, surface activation treatments were not investigated here, so significant further performance gains could be had for the EE materials.
Conclusions
A custom-made fibrous electrospun electrode (EE) was produced with the aim of increasing reactive surface area and thereby improving cell efficiency and performance. Previous modeling work had suggested that fibers sizes around 1 micron and porosities above 0.85 could provide a several-fold boost in cell performance, so these materials properties were targeted. Electrospinning was used to make the materials since this technique required minimal sophisticated equipment or tooling. One challenge was to produce fibers that were large enough, since most electrospinning research aims to produced fibers as small as possible. Polyacrylonitrile was electrospun in various weight-percent solutions in an attempt to make fibers with a diameter on the order of 1-2 micron, and a concentration of 12 wt% had a low enough viscosity to be easily and stably produced, while high concentrations were difficult to work with. The materials were carbonized using literature procedures with no significant challenges. The structural and transport properties (fiber diameter, porosity pore size, surface area, permeability and electrical conductivity) of the materials before and after carbonization were extensively studied, using a suite of experimental tools developed for fuel cell gas diffusion layers due to their similarity. The 12 wt% material had the desired properties, with 3× more surface area than SGL 25AA, yet maintained a reasonable permeability due to its much higher porosity. The absolute permeability of the PAN materials and the carbonized EE-12 materials surprisingly showed similar values despite a significant change in fiber size and porosity after carbonization. This suggests that the structure of the material was somehow altered during carbonization, possible by burning and removal of very small fibers. The electrical conductivity was lower than SGL 25AA, because it had higher porosity (less solid volume for conduction), but typically in electrochemical systems the electrical conductivity is not important since most ohmic loss occurs in the electrolyte phase.
Cell-level performance tests showed that the EE-12 electrode showed substantially lower activation resistance, which could be at least partly due to the increased surface area. No surface treatments were applied to either the EE-12 or the SGL 25AA samples. Surface activation is known to improve the apparent kinetics of the SGL 25AA material, so presumably some form of treatment could be could be applied to the EE-12 material as well. However, surface treatment to carbonized electrospun electrodes was beyond the scope of the present work. Despite better all-round performance, the EE-12 showed limiting current behavior earlier than the SGL 25AA. This was attributed to heterogeneity in the pore structure creating regions of low permeability that were by-passed by the flow. Under low current conditions these regions would be replenished with reactant at a sufficient rate by diffusion, but at higher currents they would become starved of reactant and give rise to concentration polarization.
Overall the EE-12 electrode performed very well and represents an improvement over off-the-shelf SGL 25AA materials. Many optimizations and improvements could still be made, but this first attempt showed promise. Future work should focus on developing surface treatments that improve the kinetics or enhance the liquid-solid contact. It also remains unclear why the EE-12 material showed worse performance at high currents, but the favored hypothesis is that structural heterogeneity could be a problem. Future production of EE materials should focus on ensuring a more stable and repeatable production process, consistent fiber size, and uniform thickness.
